I. INTRODUCTION
The spectroscopic interrogation of gas-phase complexes has allowed investigation of phenomena such as the molecular interactions involved in the solvation of anions 1 and cations, 2, 3 the solvent dynamics following solute excitation, 4 -8 intermolecular energy transfer, 9, 10 and the dynamics of a variety of unimolecular and bimolecular reactions. 5, 7, 11, 12 We previously reported a femtosecond photodetachment-photoionization and quantum wave packet study of the solvent reorientation and dissociation dynamics within the Cu(H 2 O) complex following electron detachment from Cu Ϫ (H 2 O), 13, 14 and now extend the experimental investigation to Cu(H 2 O) 2 . We are interested in determining how the solvent reorientation and dissociation dynamics are affected by the addition of a second water molecule.
The femtosecond photodetachment-photoionization experiments reported here use a ϳ100 fs, 400 nm laser pulse to photodetach an electron from mass-selected Cu Ϫ (H 2 O) 2 . Electron photodetachment from Cu Ϫ (H 2 O) 2 by one 400 nm photon ͑3.12 eV͒ produces neutral Cu(H 2 O) 2 exclusively in its ground electronic state, as shown by negative ion photoelectron spectroscopy. [15] [16] [17] Chemical reaction of ground-state Cu with H 2 O is strongly endothermic, 14 and so the dynamics investigated in these experiments is nonreactive. Electron photodetachment produces an ensemble of neutral Cu(H 2 O) 2 complexes, far from their equilibrium geometry, and with internal energy comparable to the energy required for dissociation to Cuϩ2H 2 O. As a result, nascent Cu(H 2 O) 2 undergoes large-amplitude solvent rearrangement and dissociation. The time evolution of the daughter fragments of Cu(H 2 O) 2 is monitored by time-delayed resonance enhanced multiphoton ionization ͑REMPI͒. This approach 13,18 -22 affords many advantages over other femtosecond pump-probe methods. Starting with a negative ion allows mass selection; the electrostatic forces in the anion result in a well-defined range of neutral geometries at time zero; and photodetachment of a negative ion initiates the dynamics on the electronic groundstate potential energy surface of the neutral. Probing the time-evolving neutrals by REMPI affords both mass identification and simultaneous monitoring of the parent complex and its fragmentation products, and provides a probe that is sensitive to the instantaneous nuclear configuration of the neutral complexes.
As reported previously, 13, 14, 23 24, 25 The Cu Ϫ (H 2 O) 2 anion has been investigated by negative ion photoelectron spectroscopy 16, 17 and ab initio calculations. 26 The experiment 16 2 photoelectron spectra have been recently remeasured with higher energy resolution in our laboratory, and the results will be reported in a forthcoming publication. 15 The most striking finding from the present experiments is that no significant 13 We structure the remainder of the paper as follows. Section II describes the experimental apparatus and techniques. In Sec. III, we describe the details of the ab initio electronic structure calculations. The experimental results are presented in Sec. IV. In Sec. V, we first present the results of the ab initio calculations, interpret the present Cu(H 2 O) 2 experimental results in light of the Cu(H 2 O) results, and finally present a picture of the Cu(H 2 O) 2 dynamics consistent with the present experimental results and ab initio calculations. In Sec. VI, we draw conclusions and recommend future investigations.
II. EXPERIMENT
The time-resolved photodetachment-photoionization of Cu Ϫ (H 2 O) 2 is performed using the charge-reversal instrument described previously, 13, 20 so only relevant details will be given here.
A. Ion production, transport, and product analysis
A schematic of the ion-beam part of the apparatus is presented in Fig. 1 . A high-pressure pulsed sputtering discharge ion source 13, 20 is used to make Cu Ϫ (H 2 O) n cluster ions. A mixture of 80% Ne and 20% Ar at stagnation pressures between 6 -8 atm flows through a small water container at room temperature and expands into vacuum through a pulsed ͑200 Hz͒ General Valve ͑0.8 mm orifice͒. A sputtering discharge is initiated when the gas pulse flows between a copper rod cathode maintained at negative 2-3 kV and a stainless steel anode maintained at ground. The Cu Ϫ (H 2 O) 2 complexes are produced in the high-pressure region immediately following the discharge. They are further cooled and stabilized downstream, inside a conical expansion channel, and then allowed to expand into the (0. 27, 28 indicated that they both range between 40 and 60 K. For these smaller clusters, we expect both to be higher, possibly 100-200 K.
Approximately 10 cm below the nozzle, a pulsed transverse electric field extracts the negative ions into a differentially pumped Wiley-McLaren 29 time-of-flight mass spectrometer ͑Fig. 1͒. They are further accelerated to ϳ3.3 keV energy, and brought to a spatial and temporal focus at the photodetachment region, 1.8 m downstream. The fast neutrals produced by photodetachment are detected by an in-line channeltron detector. The cation photoproducts enter a reflectron mass spectrometer and are subsequently counted with an off-axis microchannel-plate detector. This dual collector arrangement enables the normalization of the cation signal to the neutral signal, which is found to be very helpful for reducing the effects of fluctuations in the negative ion intensity and flight time.
B. Laser system
Most of the femtosecond laser system has been extensively described. 13 produces ϳ85 fs pulses at 750-850 nm. The pulses are amplified by a regenerative, multipass Ti:sapphire amplifier ͑Quantronix Titan͒, pumped by a Nd:YLF laser ͑Quantronix, model 527 DQ͒, to 3 mJ/pulse and 120 fs, at a repetition rate of 400 Hz. Two-thirds of this infrared light is used to generate second harmonic ͑400 nm͒ and third harmonic ͑267 nm͒ ͑CSK Optronics Supertripler, model 8315A͒ radiation, while the remainder pumps an optical parametric amplifier ͑OPA, Light Conversion TOPAS͒, whose fourth harmonic output provides tunable radiation between 300 and 400 nm. Finally, the OPA and the 400 nm pulses pass through delay stages and are further combined with the 267 nm pulse in a collinear configuration. All three pulses are focused to a spot of ϳ1 mm diameter at the point of interaction with the ion packet, where their typical energies are 100 J for 400 nm, 60 J for 267 nm, and 10-12 J for the OPA. Three-color, three-photon photodetachment-photoionization of Cu Ϫ is used to determine the zero of time between the pump and probe pulses and to measure the time resolution of the experiments. A 400 nm pulse photodetaches an electron from Cu Ϫ and a sequence of 327 and 267 nm photons resonantly ionize the 2 S 1/2 Cu atom through the 2 P 1/2 intermediate state. The delay between the excitation ͑OPA͒ and the ionization ͑267 nm͒ pulses is fixed at 0.3ps. As the photodetachmentresonant photoionization delay time ⌬t is varied, the Cu ϩ signal exhibits a step function increase at ⌬tϭ0. From fitting the time dependence of this step to a tanh function, we derive the time resolution of the experiments to be 260 fs.
C. Experimental details and data acquisition
A description of the various laser schemes used in the present photodetachment-photoionization experiments has been presented in detail, 13 and thus will be presented in brief here. All experiments form neutral Cu(H 2 O) 2 Optimal laser-ion spatial overlap is achieved through the optimization of the photodetachment-photoionization of Cu Ϫ in a two-step procedure. First, the photodetachment ͑400 nm͒ pulse is positioned in time and space to maximize the Cu neutral signal. The resonant excitation ͑327 nm͒ OPA and the ionization 267 nm pulses are introduced and adjusted spatially to maximize the Cu ϩ cation signal. Care is taken to ensure that the laser modes are as uniform as possible in the region of interaction with the ions. Typically, 5%-10% of the parent negative ion beam is photodetached by the 400 nm radiation, but a significantly smaller proportion of the photodetached neutrals are themselves ionized by the subsequent pulses.
The data acquisition procedure consists of scanning a range of time delays between the 400 nm pulse and the fixed OPA and 267 nm pulses, while simultaneously measuring the neutral signal and the individual Cu ϩ , Cu ϩ (H 2 O), and Cu ϩ (H 2 O) 2 product cation signals. One single scan consists of sweeping the entire range of time delays while data are accumulated during 800 laser shots per time delay. Many back and forth scans are performed, for a total of 20 000-40 000 laser shots per time delay. This procedure allows continuous monitoring of the measured signals at all time delays to allow correction for any major drift. The final signal ͑after appropriate background corrections͒ is given by the cation signal divided by the neutral signal. The principal challenge of the experiment arises from maintaining stability during the several hours of signal optimization and data acquisition. It is especially challenging to maintain a stable spatial overlap of the three laser beams and the ion packet due to the variations of the pulsed valve operation and the slight pointing drift of the three laser beams as the room temperature changes. Background signals due to the individual photodetachment or photoionization pulses are typically recorded at the beginning and end of data acquisition and are subtracted from the time-dependent signals. Error bars for the experimental data are obtained by comparing the scatter present in multiple data sets.
As part of the Cu(H 2 O) investigation, 13 
III. AB INITIO CALCULATIONS
Electronic structure calculations use the GAUSSIAN 98 and GAUSSIAN 03 program packages. 30, 31 The ten core electrons and 19 valence electrons of copper are represented by a relativistic effective core potential and a (7s,7p,6d,3f ) valence basis set, together referred to as aug-SDB. 32 The Stuttgart-Dresden-Bonn ͑SDB͒ relativistic core potential and corresponding (6s,5p,3d) basis set for Cu were developed by Preuss and co-workers. 33 In their study of anion and neutral CuX 2 (XϭCl,Br), Wang and co-workers partially uncontracted and augmented the SDB valence basis set to yield the (7s,7p,6d,3f ) basis set that is used in the present study. 32 Hydrogen and oxygen are represented by augmented correlation-consistent polarized valence double and triple basis sets, aug-cc-pVDZ and aug-cc-pVTZ. 34, 35 Only the spherical harmonic components of the d and f functions are used (5d and 7 f ͒, which results in 79 basis functions for Cu, and 41 and 92 basis functions for H 2 O for aug-cc-pVDZ and aug-cc-pVTZ, respectively.
All structures are optimized, using analytical gradients and second-order Møller-Plesset perturbation theory ͑MP2͒, with only valence electrons correlated. Geometries of stationary points are converged using the ''very tight'' gradient convergence criteria of Gaussian. The incremental dissociation energies from the minimum D e and zero-point level D 0 of the anion, neutral, and cation Cu(H 2 O) 2 complexes, the vertical detachment energy ͑VDE͒ of Cu Ϫ (H 2 O) 2 , and ionization energy of Cu(H 2 O) 2 at various geometries are evaluated using coupled cluster theory with single, double, and perturbative triple excitations, CCSD͑T͒, correlating only the valence electrons.
When evaluating D 0 , we use the zero-point vibrational energy calculated from the MP2 harmonic vibrational frequencies. The zero-point energy contribution from the H 2 O vibrations is scaled by 0.96, while the zero-point energy contribution from the intermolecular modes is unscaled. We define the incremental dissociation energies for the anion, neutral, and cation complexes as
In our previous study of the anion, neutral, and cation Cu(H 2 O) complexes 23 we found that CCSD͑T͒ in combination with aug-SDB accurately predicted selected atomic Cu properties such as the electron affinity and ionization potential. We also found that a larger H 2 O basis set such as augcc-pVTZ was essential to provide an accurate description of the slight charge transfer and hydrogen bonding interactions between Cu Ϫ and H 2 O. We again use MP2/͑aug-SDB augcc-pVTZ͒ for all geometry optimizations. The CCSD͑T͒/ ͑aug-SDB aug-cc-pVTZ͒ calculations were intractable using our present computational resources, and so we report final energetics at the CCSD͑T͒/͑aug-SDB aug-cc-pVDZ͒ level of theory. CCSD͑T͒/aug-cc-pVDZ and CCSD͑T͒/aug-cc-pVTZ both agree with the experimentally derived D e of the water dimer of 0.23 eV, 36 ,37 which provides confidence in using CCSD͑T͒/͑aug-SDB aug-cc-pVDZ͒. In line with our previous ab initio Cu(H 2 O) investigation, 23 we choose not to correct for possible effects of basis set superposition error on the Cu(H 2 O) 2 anion, neutral, and cation complex dissociation energies. Figure 2 displays the photodetachment-photoionization laser schemes superimposed on a schematic Cu(H 2 O) 2 potential-energy surface diagram. In the on-resonance (OPAϭ327 nm) experiments, the Cu ϩ signal has primarily a three-color (400 nmϩ327 nmϩ267 nm) dependence ͑Fig. 2, scheme 1͒. The major background in these experiments is produced by a two-color (327 nmϩ267 nm) contribution, and is typically 10% of the maximum three-color signal. The Cu ϩ (H 2 O) signal has primarily a two-color (400 nm ϩOPA) dependence over the range of OPA wavelengths used ͑315-340 nm; Fig. 2 
IV. EXPERIMENTAL RESULTS

V. RESULTS AND DISCUSSION
In order to develop a picture of the femtosecond dynamics of neutral Cu(H 2 O) 2 and its fragmentation products, we interpret the present experimental results in the light of the previously investigated 13 
A. Ab initio calculations
The ab initio calculations are divided into a discussion of the anion, neutral, and cation Cu(H 2 O) 2 potential surfaces. Energies of selected anion, neutral, and cation Cu(H 2 O) 2 stationary points are presented in Table I , their geometries in Fig. 6 , and a schematic of the anion, neutral, and cation Cu(H 2 O) 2 potential energy surfaces is presented in Fig. 7 ternal'' D 2d minimum possessing two equivalent waters and four equivalent Cu-H bonds. In contrast, our study of Cu Ϫ (H 2 O) found that the larger aug-cc-pVTZ basis set for H 2 O resulted in a C s minimum, with one Cu Ϫ -HOH H-bond. 23 In order to establish the true global minimum for Cu Ϫ (H 2 O) 2 , we carried out a thorough search of possible isomers using MP2/͑aug-SDB aug-cc-pVTZ͒. We repeated this search using two other Cu basis sets: a 10 electron ECP and (6s,5p,3d,2 f ,1g) valence basis set, 40 and a doubleall-electron basis set, 41 with aug-cc-pVTZ for H 2 O. At the MP2/͑aug-SDB aug-cc-pVTZ͒ level of theory, we find four stationary points ͑Fig. 6͒ and report their relative energetics at the CCSD͑T͒/͑aug-SDB aug-cc-pVDZ͒ level of theory. They comprise a global minimum with a cyclic configuration ( 2 configuration by Watts and co-workers. 50 They found that for temperatures as low as 100 K, the water-water H-bond, present at 0 K, had broken as the complex sampled a wider range of configurations. The water-water H-bond in Cu Ϫ (H 2 O) 2 is distorted from that in the free water dimer ͑Fig. 6͒, with a H-O separation of 2.13 Å compared to 1.95 Å in the latter. We expect that this geometric distortion and the slight charge transfer from Cu Ϫ to both water molecules weaken the water-water H-bond. Lying 0.03 eV ͑0.01 eV upon inclusion of zero-point vibrational energy͒ above ( .08 eV, respectively, which rules out the possibility of using the experimental Cu Ϫ (H 2 O) 2 vertical detachment energy to confirm the structure of the anion interrogated in the photoelectron spectroscopy experiments.
Cu(H 2 O) 2 potential energy surface
Calculating accurate energetics and structures is more difficult for neutral Cu(H 2 O) 2 than for the anion and cation complexes, due to its open electronic shell and lack of a charge center. An MP2 investigation of Cu(H 2 O) 2 energetics by Curtiss and Bierwagen suggested that the complex has a Cu-OH 2 -OH 2 configuration in which the second water molecule H-bonds to the first rather than interacting with copper. 54 A thorough search for isomers using MP2/͑aug-SDB aug-cc-pVTZ͒ ͑Figs. 6 and 7͒ reveals only one minimum on the neutral surface , 4 0 ) are located on the surface. These are not expected to play a role in the present Cu(H 2 O) 2 dynamics as they are, respectively, 0.02, 0.13, and 0.14 eV in electronic energy above the energy of dissociated Cu(H 2 O) ϩH 2 O. Figure 7 shows that the electronic energy of neutral Cu(H 2 O) 2 at the anion equilibrium geometry is 0.50 eV higher than that of the minimum (1 0 ), 0.11 eV above that of dissociated Cu(H 2 O)ϩH 2 O, while still 0.09 eV below that of dissociated Cuϩ2H 2 O. Based on the harmonic frequencies of the anion, 39 we estimate that nascent Cu(H 2 O) 2 is born with up to ϳ0.1 eV of kinetic energy in intermolecular modes, which is sufficient to dissociate to Cuϩ2H 2 O. We calculate the ionization energy of neutral Cu(H 2 O) 2 at the anion geometry to be 8.44 eV. 
B. Cu"H 2 O… dynamics revisited
Before proceeding with a detailed discussion of the results of the Cu(H 2 O) 2 experiments, we summarize the findings of the Cu(H 2 O) dynamics. In that earlier study, 13, 14, 23 calculations showed that Cu Ϫ (H 2 O) is delocalized between two equivalent H-bonded Cu Ϫ -HOH configurations, with the HOH angle compressed to ϳ99°. Electron photodetachment from this anion resulted in a Cu(H 2 O) wave packet with average energy sufficient to dissociate to CuϩH 2 O. A fraction of the wave packet dissociated directly. The neutral potential surface was found to be relatively flat at the anion Cu-H 2 O separation, and as a consequence, the zero-point energy associated with Cu Ϫ (H 2 O) bending was converted into quasifree rotation of H 2 O within Cu(H 2 O). Over a period of several picoseconds, this internal rotation of H 2 O was converted into Cu-H 2 O dissociation, with a characteristic time constant of ϭ8 ps. A slower, ϭ100 ps, dissociation component was identified. This component (ϳ15%) was suggested to arise from vibrational predissociation driven by intra-H 2 O vibrations. Recent photoelectron spectroscopy experiments from our laboratory 15 are completely consistent with this conclusion.
C. Cu"H 2 O… 2 dynamics
The salient observations from the Cu(H 2 O) 2 
Early time Cu(H 2 O) 2 dynamics
Immediately following photodetachment, the Cu(H 2 O) 2 complexes will have two adjacent water molecules, with a fraction of the complexes containing a water-water H-bond. The two water molecules no longer experience the strong attraction to copper as they did in the anion complex, and so by analogy with Cu(H 2 O), 13, 14 2 following photodetachment of its anion will complement this experimental study and deepen our understanding of the dynamics. We also hope to extend these investigations to more extensively solvated anion complexes, to aid the understanding of bulk solvation phenomena, particularly the solvation dynamics following photodetachment of anions in solution. [63] [64] [65] [66] [67] [68] Another compelling set of experiments would investigate the time-resolved solvent rearrangement dynamics following excitation of a charge transfer state in a cluster anion. [69] [70] [71] [72] 
